Sodium bicarbonate microcapsules (SBCM) were prepared by phase separation method using glycerol monostearate (GMS) and konjac glucomannan (KGM) as wall materials. Microscope micrographs clearly showed that SBCM microcapsules were spherical shapes, and the microcapsule morphology could not be changed at 40℃, while it could be destroyed at temperature above 60℃. DSC thermograms implied that SBCM wall materials could be melted at temperature about 59℃. Size distribution indicated that the particle size of SBCM was mainly distributed in the range of 50 μm to 300 μm. SBCM stability was evaluated using the percentage of SBC (sodium bicarbonate) retention, i.e. retention ratio. SBC retention ratio showed that SBCM was highly stable in the temperature range 40-80℃. Furthermore, carbon dioxide (CO 2 ) release efficiency of SBCM was investigated by pairing the microcapsules with monopotassium phosphate. The CO 2 release ratio of SBCM was very low at temperature below 60℃. However, the release ratio was sharply increased at temperature above 60℃, and CO 2 was almost completely released at 60℃ for 10 min. According to the results, the CO 2 release of SBC could be effectively controlled by encapsulating into microcapsules based on GMS/KGM wall materials.
Introduction
Sodium bicarbonate (SBC) is a well-known basic leavening agent, and it has been widely applied in baking industry because SBC can decompose and release carbon dioxide (CO 2 ) during baking processing (Miller, 2016) . However, the interaction between SBC and food components (e.g. organic acids, fruit pieces) could result in partial release of CO 2 from the chemical leavening agent during storage. Moreover, SBC as a leavening agent usually releases less than half of theoretically available CO 2 in the batter and dough (Miller, 2016) . Furthermore, the residue, sodium carbonate, could lead to astringent taste, yellowish crumb and surface coloration of products (De Leyn et al., 2014) . In order to enhance the leavening ability of SBC and to improve the quality of baking products, leavening acids are generally utilized to neutralize the basic leavening agent, to release CO 2 thoroughly and to remove sodium carbonate (Book and Waniska, 2015) . Nevertheless, the coexistence of a basic and an acidic leavener without restriction would lead to rapid and uncontrolled double decomposition reaction, and it would cause SBC loss and CO 2 formation in dough during storage and/or at an inappropriate time, and producing baking products with poor quality (Vetter, 2003) .
Microcapsules are a controlled-release form of active ingredients which could be dispersed into a few microns to several hundred microns via physical and/or chemical methods (Dordevic et al., 2015) . Microencapsulation technology has been extensively researched and applied in many fields, such as pharmaceutical, cosmetic, and food industries (Bakry et al., 2017; Dong et al., 2015) . The technology also has been employed to control CO 2 release of leavening agents and to reduce its addition (Lakkis, 2007; Vitaglione et al., 2015) . The leavening agents encapsulated in microcapsules could be protected from the external condition, and the stability of core materials could be greatly enhanced. Wall materials used to encapsulate leavening agents could be fat, wax, gum, protein, cellulose and so on (Desai and Park, 2005) .
Furthermore, the release of core materials could be controlled by adopting appropriate coating materials, which could melt or crumble at baking temperature (Janovsky, 1993) . A number of methods have been proposed to prepare microcapsules, and phase separation method of which is commonly employed to effectively encapsulate water-soluble core materials (Jyothi et al., 2010; Madan, 1978) . The method was flexible, low-cost, and easy scaleup, when compared with other microencapsulation techniques.
Wall materials play a vital part in microcapsule properties.
Glycerol monostearate (GMS) is an important food additive with an unlimited ADI (acceptable daily intake) used as an emulsifying, thickening, preservative agent (FDA, 2016) . The food additive is largely applied in the baking industry to add 'body' to the products, and it is occasionally utilized as an antistaling agent for bakery products (Gray and Bemiller, 2003; Orthoefer, 2008) . Furthermore, GMS has been adopted to encapsulate water-soluble ingredients as a wall material in food industry due to its good film-forming property (Wang et al., 2016) . Konjac glucomannan (KGM), a highmolecular weight water-soluble polysaccharide, is isolated from tubers of Amorphophallus Konjac plant. The polysaccharide has very good film-forming ability and the film formed is very stable (Huang et al., 2015) . Furthermore, the polysaccharide could be easily complexed with other ingredients to form mixture films. A series of blend films have been prepared based on KGM complexes, such as KGM/chitosan, KGM/gelatin, and KGM/starch (Du et al., 2013) . Due to the characteristics, KGM as a wall material has been employed to encapsulate enzymes, cells, and biological agent.
The aims of the present study were to prepare SBC microcapsules (SBCM) by phase separation method using GMS and KGM as wall materials, and to characterize the morphology, thermogram and size distribution, and to evaluate the CO 2 release of SBCM.
Materials and Methods
Materials SBC, GMS, MPP and anhydrous ethanol were obtained from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). KGM was obtained from Shanghai Yuanye Biological Science and Technology Co., Ltd (Shanghai, China) Preparation of SBC microcapsules (SBCM) SBCM was prepared by a nonaqueous phase separation method with minor modification (Zheng et al., 2011) . Briefly, GMS 1 g was thoroughly dissolved in 30 mL of anhydrous ethanol at 60℃. KGM 0.2 g and SBC 1 g were added to the GMS ethanol solution, and the mixture was stirred to form a suspension at 500 rpm (IKA RW20 Digital,
IKA
® Works Guangzhou, China) at 60℃ for 2 min. The ethanol suspension was then cooled down to room temperature at 500 rpm, and the mixture of GMS, KGM and SBC was precipitated from the suspension and was separated by decantation. Ten mL of SBC saturated aqueous solution was added to the precipitate and incubation at 30℃ and 500 rpm for 10 min. Anhydrous ethanol 100 mL was then added to the aqueous phase, and the suspension was stirred at 30℃ and 500 rpm for 10 min, and SBCM was formed. The microcapsules were filtered out and rinsed to remove free SBC by distilled water, and dried using an electric heating airblowing drier at 30℃.
The amounts of GMS and KGM in the dried SBCM as final products were determined using the periodic acid method (GB/T, 2008) and 3, 5-DNS colorimetric assay (Chua et al., 2012) , respectively. The percent recovery of GMS and KGM was 96.28 ± 3.61% and 98.31 ± 1.22%, respectively. Water content (wt%) of SBCM measured by reduced pressure drying method (GB, 2016) was 1.43 ± 0.27%.
Characterizations of SBCM
Morphology observation of SBCM A SBCM suspension (0.5%) was prepared with 30% (v/w) glycerol. A drop of the suspension was flattened on a microscope slide, and covered with a coverslip. SBCM shapes were observed and photographed using Olympus IX71 inverted microscope equipped with CellSens software.
Analysis of differential scanning calorimetry (DSC) SBCM
was thermally scanned on a differential scanning calorimeter (TA instruments DSC Q2000). Each sample of 15 mg was weighed into an aluminum DSC pan and was scanned from 20℃ to 80℃ at a heating rate of 5℃/min.
Measurement of size distribution
The particle sizes of SBCM were measured by laser diffraction technology using a particle size analyzer (Mastersizer 2000, Malvern Instruments Ltd.) at 25℃.
The concentration of microcapsules was diluted to 0.1% using distilled water.
Determination of SBC amount in microcapsules
The amount of SBC in microcapsules was determined by acid-base titration (GB, 2015) . Briefly, SBCM (0.2 g) was added to twenty mL of chloroform (40℃), and the mixture was stirred at 2000 rpm for 3 min using a vortex mixer (XH-J vortex mixer, Jiangsu Jinyi automation instrumentation Co., Ltd., China). SBC was then extracted using distilled water from the mixture for three times (10 mL per time), and the aqueous phase was collected. Methyl orange was used as an indicator, and hydrochloric acid solution Determination of the stability of SBCM Ten samples of SBCM were obtained, and each sample was transferred to a flask.
Each sample was incubated in a water bath at a designated temperature (40, 50, 60, 70, and 80℃) for a designated period of time (5 and 10 min), respectively. Then SBCM was washed to remove the release SBC using distilled water, and the SBC retention ratio in microcapsules was determined using acid-base titration (the method as shown above).
Similarly, six samples of SBCM were obtained, and each sample was transferred to a flask. Each sample was placed in a water bath at 60℃ and incubated for a designated period of time (5, 10, 15, 20, 25 , and 30 min), respectively. And then the SBC retention ratio in microcapsules was determined using acid-base titration (the method as shown above).
Determination of CO 2 release efficiency from SBCM Ten samples were obtained, and each sample containing SBCM (encapsulating SBC 0.5 g) and MPP (0.41 g) was placed into a flask. Each flask was sealed with a rubber stopper, and the flask was connected via a glass tube to a 500-mL flask preloaded NaOH aqueous solution (0.4 M) 100 mL. Each flask was then placed in a water bath at a designated temperature (40, 50, 60, 70, and 80℃) and incubation for a designated period of time (5 and 10 min), respectively. Once the release experiment was finished, NaOH aqueous solution was removed from the 500-mL flask, and 5 mL of BaCl 2 saturated solution was added into the solution. The sample was titrated by oxalic acid solution, and phenolphthalein was used as an indicator. The release ratio of CO 2 was calculated using the following equation.
Release ratio of 
Results and Discussion
Morphology of SBCM Photomicrographs of SBCM taken from the Olympus IX71 inverted microscope were shown in Fig. 1 .
As could be observed, inverted microscope examination of SBCM revealed that the original microcapsules showed smooth surfaces and spherical shapes with a homogenous size distribution (Fig. 1A) . Moreover, microcapsule sizes less than 100 μm were predominant. Fig. 1B depicted that there were no significant difference in the particle shapes and size distribution between original microcapsules and SBCM after incubation at 40℃. SBC leaked out from SBCM was not visibly observed. It indicated that SBCM was very stable, and the microcapsules could not be markedly destroyed at such temperature. It could be ascribed to the fact that KGM film-forming ability greatly contributed to the toughness of SBCM shell. However, it could be seen from Fig. 1C that the particle shapes of microcapsules had been severely deformed and destroyed after incubation at 60℃. Though the shapes of SBCM have not been thoroughly ruined, the surfaces of SBCM became irregular and unsmooth. Fig. 1D showed that SBCM had been completely damaged at 80℃, and the particle shapes were destructed. It could be mainly attributed to the GMS melt because the temperature was above the melting point of the wall material ingredient (Lauridsen, 1976) . Core material also could be found in the outside of microcapsules because of wall material melting.
Differential scanning calorimetry The thermograms of SBCM
and their wall constituents were illustrated in Fig. 2 . The endothermic peak of the DSC curve of GMS was observed around 58℃, which could be the melting point of GMS. The result was in good accordance with the reported values of GMS melting endothermic peaks between 56.5℃ and 62.5℃ (Dewan et al., 2011) . However, no peak was observed in the DSC curve of KGM in the temperature scan range. Xu et al. (2007) found that the DSC curve of KGM showed an exothermic peak around 326℃, attributing to the greatest thermal degradation of KGM.
Two peaks were observed in the DSC curve of SBCM at about 59℃ and about 65℃, respectively. It suggested that the greatest endothermic peak of the DSC curve of GMS/KGM complex was slightly shifted to high temperature compared to that of GMS, which may infer that a certain degree of interaction between the two ingredients existed (Lin et al., 1995) . It possibly explained the phenomenon that the particle shapes of SBCM were not obviously altered at 40℃, while the microcapsules could be apparently B. Ding et al. 252 damaged at 60℃ and 80℃. According to Kawai et al. (2012) , the higher peak temperature indicated that the complex helical length was longer, and its physical stability was greater. The emulsifier chain length played a crucial role in both the formation and the characteristics of the complex. Emulsifiers with long carbon chains (e.g. GMS) usually provide greater thermostability to V-type complexes (Putseys et al., 2009) .
Size distribution Size distribution is commonly utilized as an important tool to estimate the quality of microcapsules, and particle size is a relevant characteristic regarding both the encapsulation efficiency and release ratio. The encapsulation yield of SBCM was 94.72 ± 3.14% in the study. As shown in Fig. 3 , the particle sizes of SBCM were mainly varied in the range from 50 μm to 300 μm.
The volume weighted mean diameter was about 126 μm and maximum frequency occurred around 91 μm.
Microcapsule size distribution is usually affected by processing parameters, such as core-to-wall material ratio, wall material ratio, and agitation energy. Generally speaking, an intensive mechanical energy could lead to the breakdown of microcapsules and the reduction of particle diameters (Hong et al., 2009 ). The phase separation velocity could be another important factor for influencing the size distribution of microcapsules. Faster velocity of phase separation could result in smaller particle size, while slower velocity of phase separation could cause bigger particle size (Madras and McCoy, 2003) . Moreover, the size distribution of SBCM also could be greatly influenced by the relative water affinity of wall materials and the overall balance of molecular interactions, i.e. the minimization of the total free energy of the system (Dickinson, 1992) . The lower relative water affinity of wall material usually leads to the greater the aggregation number, and Microencapsulation of SBC Based on GMS/KGM by Phase Separation 253 the particle size becomes greater (Wokadala et al., 2012) .
SBCM stability
Effects of temperature on SBCM retention ratio SBCM was incubated under different temperature for 10 min based on the baking time in food industry. The effects of temperature on SBCM retention ratio were depicted in Fig. 4 .
It could be found that the retention ratio profile of SBCM was in agreement with that of SBC. Both of them were very stable at 40℃ and 50℃. The SBC from SBCM could be more stable than free SBC at temperature above 60℃, but the stability both of them decreased with further increasing temperature, and the transition temperature was coincident with GMS melting point. The loss both of SBCM and free SBC could be attributed to thermal decomposition, while the decomposition of SBC from SBCM could be partly inhibited by microcapsule shell, so the SBC retention ratio of SBCM was slightly higher than that of free SBC.
The CO 2 from leavening agent should be released to increase the volume of baking products before dough solidifying (Brodie and Godber, 2000) . If the CO 2 derived from leavening agents was formed too early and too much, the gas could not be efficiently held in dough. While CO 2 was released too late, dough could have solidified, and the dough bulk could not be effectively expanded yet. It is a well-known fact that dough usually begins to gelatinize and solidify at about 60-70℃. Leavening agents could be encapsulated into appropriate coating materials to control CO 2 release at a specified temperature (Augustin et al., 2010) . The CO 2 release from SBCM could be chiefly controlled by the thermal behavior of GMS/KGM wall materials. GMS/KGM blend films could be partly/entirely destroyed at temperature above GMS melting point because of GMS fusion.
Effects of heating time on SBCM retention ratio SBCM was stored at 60℃ based on the temperature of dough commonly starting to gelatinize and solidify. The retention ratio of SBCM at 60℃ and different heating time was presented in Fig. 5 .
As can be seen from Fig. 5 , the retention ratios both of SBCM and SBC tended to decrease with increasing heating time. There was no significant difference between the retention ratios of SBCM and SBC in the first 20 min (P > 0.05). However, the retention ratio of SBCM was obviously higher than that of SBC after 20 min (P < 0.05). It indicated that the thermostability of SBC could be enhanced by encapsulating into microcapsules. The stability increase could be attributed to the protection of GMS/KGM blend films, and the blend films strengthened the heat resistance of SBC due to the wall material melting point near to the heating temperature (Fig. 2) .
Effect of temperature on CO 2 release of SBCM paired with MPP The CO 2 from SBC is usually released by thermal decomposition during baking, so the gas release efficiency of the basic leavening agent mainly depends on the heating temperature.
However, the leavening agent could not thoroughly release CO 2 via thermal decomposition (De Leyn et al., 2014; Heda et al., 1995) .
Furthermore, sodium carbonate, the residue of SBC thermal decomposition, could result in bitterness and puckery taste of baking products. CO 2 could be completely released by the double decomposition reaction of the complex of basic/acidic leavening agents, and sodium carbonate could be eliminated to improve the quality of baking products (Cepeda et al., 2000; Liu et al., 2016) .
In the study, MPP as an acidic leavening agent was chosen to pair with SBC and SBCM, respectively. Effects of temperature on CO 2 release of the two complex leavening agents, SBC/MPP and SBCM/MPP, were illustrated in Fig. 6 .
As shown in Fig. 6 , CO 2 releases of the two complex leavening agents were temperature-dependent, and the gas release increased with increasing temperature. For example, about 51.7%, 69.3% and 87.9% of CO 2 were released from SBC/MPP complex at 40℃, 50℃ and 60℃ for 5 min, respectively. The CO 2 release could be ascribed to the double decomposition reaction between SBC and MPP because the basic and acidic leavening agents coexisted directly. Compared with that of SBC, the CO 2 release profile of SBCM/MPP complex was apparently triphasic release processes.
In the first stage, a slow release of CO 2 was observed at 40℃ and 50℃, where about 2.7% and 3.9% of CO 2 were released for 5 min, respectively. In the second stage, CO 2 was rapidly released at temperature up to 60℃, in which about 57.8% and 91.6% of CO 2 were released for 5 min and 10 min, respectively. In the third stage, CO 2 was almost entirely released at 70℃ and 80℃ for 5 min.
The CO 2 release characteristic of SBCM/MPP complex could be attributed to the SBC microencapsulation, and the reaction between SBC and MPP could be controlled by coating materials.
SBC hardly interacted with MPP at low temperature because the two leavening agents were separated from each other by GMS/ KGM shell. However, the wall materials could be melted by increasing temperature up to GMS melting point, and the integrity of SBCM shell could be disrupted, and the basic leavening agent was leaked out. Then the SBC released from microcapsules reacted with MPP to produce CO 2 . The results were accordant with inverted microscope micrographs ( Fig. 1 ) and DSC thermograms (Fig. 2) .
Several ingredients and methods for manufacturing chemicallyleavened shelf stable bakery products have been documented and claimed in some patent literature in the last few decades. However, most of these inventions were straight to a specific bakery application, providing the effectiveness of encapsulation in delaying CO 2 release under the optimum baking conditions (Dorko and Penfield, 1993; Lakkis, 2007) . The SBCM prepared in the study could be used in common baking products.
Conclusion
In this study, SBCM was prepared successfully to enhance SBC stability and to control CO 2 release using GMS/KGM complex as wall material. SBCM stability characteristics showed that SBC stability from SBCM was increased under different conditions. CO 2 release of the complex leavening agent of SBCM/ MPP was mainly depended on temperature, and the mixture of SBCM/MPP was stable enough at temperature below 60℃. 
